Plasmodium falciparum causes an estimated half billion cases of malaria, resulting in over a million deaths, each year (5, 33) . Tetracyclines are effective, albeit slow-acting, antimalarials that are used in combination with a more rapidly acting drug to treat malaria (1) and for antimalarial chemoprophylaxis (29) . The antimalarial mechanism of action of tetracyclines remains undefined. Consistent with their slow clinical activity, tetracyclines exert in vitro antimalarial effects slowly, requiring incubation with cultured P. falciparum beyond a single 48-h asexual cycle for maximal effects (16) . Tetracyclines exert antibacterial activity by inhibiting prokaryotic translation (41) . However, in the eukaryote P. falciparum, protein synthesis is broadly inhibited by tetracyclines only at much higher concentrations than those required to block parasite growth (6) , suggesting that their antimalarial effects are due to action against a target other than cytosolic ribosomes.
Early studies of the mechanism of action of tetracyclines against P. falciparum focused on the parasite's single mitochondrion as the likely target (18, 26) . However, these studies preceded the identification of the apicoplast, an organelle of uncertain function that is related to the chloroplast of plant cells (20, 42) . The mitochondrion and the apicoplast each contain their own genome, encoding prokaryote-like ribosomal RNAs, tRNAs, and some proteins (12, 45) . In addition, several hundred nuclear genes encode proteins targeted to the apicoplast or the mitochondrion (2, 14, 15, 28, 39) . The apicoplast houses enzymes involved in type II fatty acid synthesis, a nonmevalonate pathway for isoprenoid biosynthesis, and hemebiosynthetic pathways (44) . The mitochondrion maintains a mitochondrial membrane potential and houses a complete citric acid cycle. However, its role in energy generation is still unclear, since a link from the citric acid cycle to the electron transport chain remains to be defined (36) . The mitochondrion does house a number of enzymes involved in pyrimidine and heme biosynthesis, and disruption of either organelle would be expected to block critical biosynthetic pathways. Since both organelles contain prokaryote-like ribosomal components, either is a potential target of tetracyclines.
To better characterize the antimalarial mechanism(s) of tetracyclines, we evaluated their activities over two 48-h parasite life cycles. We then evaluated the effects of doxycycline on parasite gene expression by microarray analysis and on specific mitochondrion and apicoplast self-maintenance functions. Our results are consistent with a model in which doxycycline specifically inhibits the production of proteins encoded by the apicoplast genome, leading to a subsequent loss of apicoplast function and a delayed but potent antimalarial effect.
MATERIALS AND METHODS
Malaria parasites and culture. P. falciparum parasites were cultured in human erythrocytes maintained at 2% hematocrit in RPMI 1640 medium with 0.5% (wt/vol) AlbuMAX II (Invitrogen-Gibco) in 92% N 2 , 5% CO 2 , and 3% O 2 (35) . Synchrony was maintained by serial sorbitol treatments (21) . Strain W2 was used for the determination of 50% inhibitory concentrations (IC 50 s) and microscopy, and 3D7 was used in microarray and Southern analyses. Parasites stably expressing green fluorescent protein fused to an acyl carrier protein apicoplast-targeting sequence (ACP l -GFP), kindly provided by Geoff McFadden (40) , were maintained in medium containing 100 nM pyrimethamine. Dually transfected parasites stably expressing a red fluorescent protein fused to an acyl carrier protein apicoplast-targeting signal and a yellow fluorescent protein fused to a citrate synthetase mitochondrial targeting signal (ACP l -DsRed and CS l -YFP), also kindly provided by Geoff McFadden (37), were maintained in medium containing 5 nM WR99210.
Unless stated otherwise, all doxycycline studies were carried out as follows. Synchronized parasites were treated at the late ring/early trophozoite stage (approximately 20 h postinvasion) with 1 M doxycycline or an equivalent volume of dimethyl sulfoxide (DMSO) for 24 h, until they reached the late schizont stage. The parasites were then subcultured into fresh medium and allowed to invade new erythrocytes and progress through a second cycle in the absence of drug. The medium was replaced every 24 h. Doxycycline, minocycline, tetracycline, and pyrimethamine were from Sigma. WR99210 was the gift of David Jacobus (Jacobus Pharmaceuticals).
Antiparasitic effects of tetracyclines. W2 strain parasites were cultured in 96-well plates at initial parasitemias of 1% for 48-h and 0.2% for 96-h drug studies. Serial dilutions of tetracyclines (100 M to 1 nM; dissolved in DMSO) and chloroquine (dissolved in water) were prepared in complete medium. Equivalent volumes of DMSO were included as controls.
The IC 50 of each drug was determined by comparing parasite counts by flow cytometry and the uptake of [ 3 H]hypoxanthine by standard methods. For flow cytometry, after incubation with the drugs, infected erythrocytes were fixed in 1% paraformaldehyde in phosphate-buffered saline (PBS) for 48 h, permeabilized with 0.1% Triton X-100, and stained with 1 nM YOYO-1 (Molecular Probes). Parasitemias were determined from dot plots (forward scatter versus fluorescence) acquired on a FACSort cytometer using CELLQUEST software (Becton Dickinson). Hypoxanthine uptake assays were performed essentially as described previously (8) . Briefly, late-ring-stage-infected erythrocytes were cultured in medium containing 10 Ci/ml [ 3 H]hypoxanthine (NEN Life Sciences) for 48 h and then harvested and washed using a PHD Cell Harvester (Cambridge Technology Inc.). 3 H incorporation was assessed in a Beckman LS 6000IC scintillation counter (Beckman Coulter Inc.). IC 50 s were calculated from variable-slope sigmoidal dose-response curves using GraphPad Prism version 3.00 for Windows (GraphPad Software).
Microscopy. For light microscopy, thin smears were prepared, stained with Giemsa stain, and photographed using a SPOT Flex Color Mosaic Digital Camera (Diagnostic Instruments) on a Nikon Optiphot microscope. For electron microscopy, infected erythrocytes were washed in PBS, fixed in Karnovsky's solution (1% paraformaldehyde, 3% glutaraldehyde, 0.1 M sodium cacodylate buffer, pH 7.4) for 4 h at room temperature, and then stored at 4°C until they were analyzed. Fixed samples were postfixed in reduced OsO 4 (2% OsO 4 plus 1.5% potassium ferrocyanide; Sigma) and stained en bloc with uranyl acetate before being dehydrated in ethanol, cleared in propylene oxide, and embedded in Eponate 12 (Ted Pella Co). Thin sections were cut with a Leica ultracut UCT microtome, stained with uranyl acetate and Reynold's lead, and examined with a Philips Tecnai 10 electron microscope. Photographs were scanned using a CanoScan N6700 (Canon).
For fluorescence microscopy of ACP l -GFP parasites, infected erythrocytes were fixed in 1% formaldehyde, 0.1% gluteraldehyde, and a 1:400 dilution of DAPI (4Ј,6Ј-diamidino-2-phenylindole) nuclear stain (Molecular Probes) in PBS; pipetted onto poly-L-lysine-coated microscope slides; incubated for 30 min at room temperature; washed in PBS; air dried; and overlaid with mounting solution (10% Mowiol 4-88, 25% glycerol, 2.5% 1,4-diazobicyclo-[2.2.2]-octane, 0.1 M Tris-HCl, pH 8.5) (17) and a coverslip. For fluorescence microscopy of live ACP l -DsRed CS l -YFP parasites, infected erythrocytes were rinsed in serum-free RPMI medium and allowed to attach to a poly-L-lysine-coated microscope slide for 30 min. The slides were then rinsed in serum-free RPMI medium, overlaid with a coverslip, and imaged immediately. Fluorescent images were captured using a SPOT Flex Color Mosaic Digital Camera (Diagnostic Instruments) on a Nikon Optiphot microscope. Merged images were assembled and optimized (background corrections and gamma adjustments) using SPOTsoftware version 4.5 (Diagnostic Instruments). For all microscopy, final figures were prepared in Adobe Photoshop version 5.5.
Microarray analysis. Parasites were incubated with doxycycline for 20 h and then subcultured and maintained in drug-free medium for an additional 35 h. Infected erythrocytes were collected every 5 h, lysed with 0.1% saponin for 5 min, centrifuged at 12,000 ϫ g at 4°C, flash frozen in an ethanol-dry ice bath, and stored at Ϫ80°C. Total parasite RNA was harvested using TRIzol reagent (Invitrogen). For each sample, 12 g of total parasite RNA was reverse transcribed into cDNA containing amino-allyl-dUTP (Ambion) using SuperScript II RNase H-Reverse Transcriptase (Invitrogen) and then coupled to succidimyl ester Cy5 dye (Amersham) as described previously (4) . Cy5-labeled sample cDNA and a reference pool of Cy3-labeled cDNA representing all life cycle stages were competitively hybridized to a P. falciparum 70-mer microarray as described previously (3). The microarrays were scanned using a GenePix 4000B scanner, and images were analyzed using GenePix3 Software (Molecular Devices, Inc.), stored, and normalized using the NOMAD database (http://ucsf-nomad .sourceforge.net/). Expression data were log transformed and mean centered. Self-organizing map and cluster analysis was performed using Cluster software and visualized using Treeview (11) .
Southern hybridization. Total DNA was isolated from schizont stage parasites using the Puregene DNA Purification kit (Gentra) and digested with XmnI and SacI, and samples (5 g per lane) were electrophoresed on a 0.7% agarose gel and transferred to a Hybond Nϩ nylon membrane (Amersham Biosciences).
For probes, we amplified a 511-bp fragment of the mitochondrial genome between nucleotides 4998 and 5509 (which includes the putative ribosomal-DNA sequences ssuD and lsuA [12] ) (primers, 5Ј ACGCTGACTTCCTG 3Ј and 5Ј AGAAAACAGTCGGTG 3Ј) from genomic P. falciparum DNA, a 573-bp fragment of the apicoplast gene tufA (primers 5Ј ATAGGAGCCACACA 3Ј and 5Ј TCCGGATTGTGCTT 3Ј) from genomic P. falciparum DNA, and a 500-bp fragment of the nuclear gene falcipain-3 from the plasmid pTOPO-FP3 (31) (primers 5Ј TACCATGGTACATAAGCTTCTGTTCCAATTGAACAA 3Ј and 5Ј TTAGAATTCTCATGTTGGGCTTTTAGTAGT 3Ј). Probes were gel purified and extracted using the QIAGEN Gel Extraction Kit and then labeled with [␣-32 P]dATP using the Megaprime DNA Labeling System (Amersham Biosciences). Blots were prehybridized for 5 h in RapidHyb hybridization buffer (Amersham Biosciences) at 56°C and hybridized overnight at 65°C with the probes. The blots were then washed twice at 25°C in 2ϫ SSC (SSC is 0.15 M NaCl/0.15 M Na citrate, pH 7.0), 0.1% sodium dodecyl sulfate (SDS); once at 55°C in 1ϫ SSC, 0.1% SDS; and once at 60°C in 1ϫ SSC, 0.1% SDS before visualization by autoradiography.
Immunoblots. ACP l -GFP-containing parasites were isolated from erythrocytes with saponin, and denatured samples (5 ϫ 10 7 parasites per lane) were electrophoresed on 12.5% polyacrylamide gels under reducing conditions. Proteins were transferred to polyvinylidene difluoride membranes and probed with mouse anti-GFP antibodies (Molecular Probes; 1:400), followed by alkaline phosphatase-conjugated donkey anti-mouse secondary antibody (Jackson ImmunoResearch Laboratories; 1:10,000) using standard procedures. Immunoblots were developed using the Western-Star Chemiluminescent Immunoblot Detection System with CDP-Star substrate (Applied Biosystems). The blots were stripped and reprobed with a 1:10,000 dilution of rat anti-falcipain-3 antibody (31), followed by alkaline phosphatase-conjugated goat anti-rat antibody (Jackson ImmunoResearch Laboratories; 1:10,000).
Nucleotide sequence accession numbers. All microarray data are available at the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/), accession no. GSE5267.
RESULTS
Delayed antimalarial activities of tetracyclines. We evaluated the antimalarial activities of tetracycline, doxycycline, and minocycline over two 48-h parasite life cycles with standard assays, comparing either the uptake of hypoxanthine or the multiplication of parasites between treated and control para- (34) . When assessed based on activity during a single cycle, the tetracyclines were relatively inactive, with IC 50 s above clinically relevant concentrations ( Table 1) . The tetracyclines showed much greater potency when assessed after a second cycle, consistent with earlier reports of slow action against malaria parasites (16, 25) , with IC 50 s at concentrations that are achievable with standard dosing of these agents. Remarkably, the increased potency after a second cycle was seen even if the tetracyclines were removed from culture after the first cycle of incubation (Table 1) . Since doxycycline is the most widely used tetracycline to treat and prevent malaria, we chose it as our model compound for further characterizing the antimalarial actions of tetracyclines. To characterize stage-specific activity, we cultured parasites in doxycycline over different portions of the first cycle and evaluated the subsequent effects (Fig. 1) . Trophozoite and early schizont stage parasites were most sensitive to doxycycline; incubations during the ring or late schizont stage had much less effect. Doxycycline-treated parasites appeared to be morphologically normal through the entire first 48-h erythrocytic cycle ( Fig. 2A) , producing merozoites that invaded erythrocytes and formed normal-appearing daughter ring stage parasites. The parasites continued to develop through the second cycle and initiated schizogeny, with the appearance of multiple daughter nuclei. However, the mature schizonts became increasingly abnormal and failed to progress to merozoite release and subsequent erythrocyte invasion. Electron micrographs also showed that mature schizonts during the initial cycle of incubation with doxycycline (40 h) appeared to be normal. In the second cycle (88 h), doxycycline-treated schizonts lacked defined intracellular compartments, and many displayed abnormal vacuolation (Fig. 2B) . The observed blocks in merozoite maturation and egress at 96 h were apparent even if drugs were removed after 48 h of incubation (not shown). gene expression in the doxycycline-treated and control parasites were remarkably similar (Fig. 3A) . Using an overview gene set derived from a previously described intraerythrocytic developmental cycle transcriptome (3), we calculated the average correlation of expression profiles between treated and untreated cultures to be 0.80, indicating very little variation in gene expression following doxycycline treatment. Subtle differences between microarray time courses can be detected by calculating the relative expression ratio between two samples at each time point (23, 24) . We calculated the relative ratios between the untreated and treated time courses and then filtered the data set for array features (70-mers representing P. falciparum coding regions) representing genes that were consistently underexpressed in doxycycline-treated parasites, using modest criteria (greater than 1.6-fold underexpression at at least half of the time points). Only 104 array features (less than 2%) met these criteria. To assess whether any functional groups of genes were overrepresented in this set relative to the entire data set, we used the LACK software tool to calculate the statistical significance of lexical bias in the PlasmoDB annotations of our underexpressed gene set (19) . The annotation "plastid" (signifying genes on the plastid genome), but no other annotation term, was significantly overrepresented (P Ͻ 10 Ϫ6 , as calculated by binomial distribution) in our set of underexpressed genes. Indeed, essentially all of the plastid genes represented on our microarray were consistently underexpressed (Fig. 3B) .
To assess the degree of underexpression relative to the dis- (Fig. 3C) . Apicoplast genes were clearly underexpressed relative to other features. Genes carried by the mitochondrion and nuclear genes whose products are targeted to the apicoplast or mitochondrion were unaffected by doxycycline treatment (not shown). Thus, doxycycline treatment specifically disrupts the expression of apicoplast genes.
Replication of apicoplast DNA is disrupted in the progeny of doxycycline-treated parasites. The apicoplast and mitochondrial genomes of P. falciparum replicate at the beginning of schizogeny, at the same time as the nuclear genome (27, 32, 43) . We compared the replication of nuclear, apicoplast, and mitochondrial genomes in doxycycline-treated and control schizonts. Parasites were incubated with doxycycline during a single cycle, and schizont DNA was extracted and evaluated during this and the subsequent cycle by Southern analysis utilizing probes for the nuclear, apicoplast, and mitochondrial genomes. In the presence of doxycycline, replication of the three genomes was the same as in control schizonts (Fig. 4) . In the following cycle, replication of apicoplast DNA, but not nuclear or mitochondrial DNA, was markedly reduced during schizogeny. These results demonstrate that the progeny of doxycycline-treated parasites are unable to replicate the apicoplast genome.
Apicoplast segregation is disrupted in the progeny of doxycycline-treated parasites. We treated P. falciparum expressing ACP l -GFP (40) with doxycycline for a single cycle and then evaluated the morphology of the apicoplasts in trophozoite and schizont stages in this and the subsequent cycle (Fig. 5) . In control parasites, the apicoplast elongated into a branched morphology in schizonts before segregating into merozoites, as reported previously (37, 40) . In doxycycline-treated parasites, elongation, branching, and segregation of apicoplasts did not appear to be altered. Quantitation by flow cytometry confirmed that the numbers of progeny containing GFP-labeled apicoplasts were the same in doxycycline-treated and control parasites (not shown). The apicoplast was visualized through most of the life cycle in these daughter parasites, indicating that the organelle was intact and that apicoplast-targeting signals were functional. However, as the parasites progressed to schizonts, the elongation, branching, and segregation of apicoplasts were disrupted, and the parasites failed to develop beyond the schizont stage.
To further evaluate the effects of doxycycline on apicoplast and mitochondrial morphologies, we treated parasites stably expressing both ACP l -DsRed and CS l -YFP (37) with doxycycline as described above. Both the apicoplast and the mitochondrion displayed typical (10, 30, 37) elongation, branching, and segregation patterns in the presence of doxycycline. In the progeny of doxycycline-treated parasites, the apicoplast was visible, indicating that the organelle was present and that targeting of DsRed was normal, as had been observed for GFP .   FIG. 4 . Replication of the apicoplast genome was blocked in the progeny of doxycycline-treated parasites. Parasites were treated with 1 M doxycycline (Dox) or 0.1% DMSO (C) for 24 h, beginning at the late ring stage, and then subcultured into fresh medium and allowed to continue a second cycle in the absence of drugs. Schizonts were collected during both the first and second cycles, DNA was extracted, and Southern hybridizations were performed using DNA probes for apicoplast, mitochondrial, and nuclear genomic sequences. The positions of molecular size markers are indicated. However, apicoplast elongation, branching, and segregation were again disrupted as the parasites initiated schizogeny (Fig.  6 ). In contrast, the mitochondrion appeared to develop normally, forming elongated and elaborately branched structures in the progeny of doxycycline-treated parasites.
Processing of apicoplast-targeted proteins is disrupted in the progeny of doxycycline-treated parasites. Apicoplast-targeted P. falciparum proteins contain a leader sequence that is cleaved upon delivery to the apicoplast (38) . We analyzed the processing of apicoplast-targeted GFP by immunoblot analysis with an anti-GFP antibody. Expression and processing of ACP l -GFP were the same in doxycycline-treated and control parasites during the first cycle. However, processing was blocked in the progeny of doxycycline-treated parasites, but not controls (Fig. 7) . The expression and processing of the nuclear-encoded cysteine protease falcipain-3 was unaffected by doxycycline, demonstrating that the inability of parasites to process ACP l -GFP was due to a specific abnormality in apicoplast function rather than a general defect in protein processing.
DISCUSSION
Tetracyclines are effective antimalarials, but their mechanism of action is unclear. Since these agents block prokaryotic protein synthesis, it has been proposed that they disrupt the mitochondrion or the apicoplast, both of which include prokaryotic ribosomal subunits in their genomes. We have shown that both the mitochondrion and apicoplast appear normal through a cycle of treatment with doxycycline, that these organelles are successfully segregated into daughter parasites, and that they remain intact in the progeny of treated parasites. However, doxycycline specifically blocks the expression of apicoplast genes, leading to the distribution of nonfunctional apicoplasts into daughter parasites and a subsequent block in parasite development. These results indicate that the site of action of tetracyclines is the apicoplast but that loss of apicoplast function is not apparent until late in the cycle following treatment, explaining the slow action of these drugs.
Previous work on the antimalarial effects of tetracyclines demonstrated increased efficacy with prolonged treatment (9, 16, 25) . Doxycycline inhibited global protein synthesis only at suprapharmacological concentrations (6), arguing against cytosolic ribosomes as a target for tetracyclines in vivo. Early work examining the mitochondrion as a potential target of tetracyclines demonstrated decreased mitochondrial uptake of rhodamine 123 after 72 h (18) . However, this observation may have reflected secondary toxicity to the mitochondrion following primary effects of the drug. Other studies demonstrating depression of mitochondrial enzyme activity (26) and a block in both apicoplast and mitochondrial transcription (22) assessed tetracyclines at concentrations well above those that are clinically achievable.
The slow action of tetracyclines against P. falciparum was observed even if trophozoite and early schizont stage parasites were treated for as little as 12 h. Apicoplasts in treated parasites initially appeared morphologically normal, repli- cated their genomes, processed imported proteins, and segregated into developing merozoites. Doxycycline specifically disrupted the expression of apicoplast genes. However, most of the proteins predicted to be required for apicoplast function are encoded by the nuclear genome (28) , so the apicoplast would be expected to perform most functions normally as long as its import machinery remained intact. We propose that, though doxycycline does not prevent apicoplast function initially, the apicoplasts inherited by the progeny of doxycycline-treated parasites contain insufficient levels of apicoplast-encoded proteins required for the importation and processing of the several hundred nuclear genes needed for normal function. This loss of apicoplast function ultimately results in parasite death. Our data do not support primary action of doxycycline against the mitochondrion, as transcription within this organelle and replication of the mitochondrial genome were not obviously altered over two parasite life cycles. Mitochondria also appeared to segregate normally in the presence of doxycycline, and in the progeny of doxycycline-treated parasites, mitochondria elongated and formed elaborately branched structures similar to those of untreated parasites. We did not observe segregation of these mitochondria at the end of the second cycle, consistent with previous observations that apicoplast segregation always precedes mitochondrial segregation in healthy parasites (37) . However, parasites at this stage displayed gross morphological abnormalities, so lack of mitochondrial segregation was likely secondary to loss of apicoplast function.
In addition to data from plasmodia, there is evidence that prokaryotic protein synthesis inhibitors target the apicoplast of the related apicomplexan parasite Toxoplasma gondii (7, 13) . In T. gondii, treatment with clindamycin causes a "delayeddeath" phenotype in which progeny are able to invade new host cells but die shortly thereafter. A similar phenotype was observed in T. gondii parasites that were unable to inherit an apicoplast due to a genetic-segregation defect, leading to the proposal that the apicoplast is required for the establishment of the parasitophorous vacuole. We have observed that P. falciparum parasites containing defective apicoplasts survive until the end of their cycle, arguing against a role in establishing the parasitophorous vacuole. This observation is in agreement with ultrastructural studies on the progeny of clindamycin-treated T. gondii parasites, which also contain multiple nuclei and appear unable to complete cell division (7) . In both species, death coincides with the initiation of cell division, which occurs early in the T. gondii cycle and late in the P. falciparum cycle. We propose that the apicoplast is required for the formation of daughter cell plasma membranes, since fatty acid biosynthesis is a likely function of apicoplasts and since our ultrastructural studies indicated that these structures were lacking following doxycycline treatment. Since doxycycline needs to be administered only transiently to disrupt apicoplast function in the following cycle and since parasites containing nonfunctional apicoplasts can survive for nearly 48 h, doxycycline-treated plasmodia are an ideal model system for probing specific functions of the apicoplast.
